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ABSTRACT
Hydrogel adhesives are a new class of materials with excellent biocompatibility, which makes
them very attractive for biomaterial applications. It has been previously shown that Tetronic
T1107, a four-arm poly (propylene oxide)-poly (ethylene oxide) (PPO-PEO) block copolymer, is
useful as a chemical crosslinking thermo-responsive hydrogel for bioadhesive applications. The
end groups of this polymer are modified with acrylate and N-hydroxysuccinimide (NHS)
functional groups. The acrylate end group gives the polymer cohesive properties with longrange chemical crosslinking using dithiothreitol (DTT), while the NHS end group gives the
polymer adhesive properties through bonding with amines found in organic tissue. It was found
that one reagent used in the T1107 modification protocol, 4-methoxyphenol, was inhibiting the
succinic anhydride modification, preventing proper modification of the protocol. DSC and
rheology demonstrated that there is not a correlation between acrylation rate and phase
transition temperature, implying that the temperature is a bulk property gained from the
polymer backbone. It was also found that the modified polymer will undergo spontaneous
crosslinking between acrylate groups if stored at sufficiently elevated temperatures. Lastly, it
was found that the polymers synthesized using certain lots of T1107 did not gelate at
homeopathic temperatures. It was found that T1107 polymer, as received, exhibited a bimodal
distribution in GPC, indicating the presence of a smaller molecular species. The polymer did not
show appreciable amounts of volatiles, yet NMR indicates the presence of different molecular
structure between different lots of T1107.

ii

ACKNOWLEDGEMENTS
Throughout the process of authoring this thesis, I’ve found the old proverb “it takes a village” to
be more than representative of the entire process. Therefore, there are many people who I
would like to acknowledge and thank for their support.
First, I would like to acknowledge and give my most sincere thanks to my advisor and
mentor, Dr. Thompson Mefford for his guidance and patience throughout this research. I could
not have completed this without his constant support over the years. I would also like to
acknowledge and thank my committee members Dr. Igor Luzinov and Dr. Jiro Nagatomi. Your
help with this research has not gone unnoticed, and I am grateful. Next, I would like to
acknowledge and thank Kim Ivey for her support: both academically and emotionally. She is
truly exceptional in her role and as a friend. Additionally, this thesis would not be possible
without my colleagues in the Mefford lab group, Dr. Stephen Foulger, and Laura Kinard. I would
like to thank both Annie Barnett and Sarah Spence, who push me to be a better scientist every
day: thank you for your support. Lastly, I’d like to thank my family, who support me and love on
me every day.

iii

TABLE OF CONTENTS
ABSTRACT .........................................................................................................................................ii
ACKNOWLEDGEMENTS ...................................................................................................................iii
LIST OF FIGURES .............................................................................................................................. vi
LIST OF TABLES .............................................................................................................................. viii
LIST OF ABBREVIATIONS ................................................................................................................. ix
CHAPTER ONE: INTRODUCTION AND REVIEW OF LITERATURE...................................................... 1
INTRODUCTION ................................................................................................................... 1
CURRENT METHODS OF SURGICAL CLOSURE ..................................................................... 1
HYDROGEL SYSTEMS ........................................................................................................... 5
LOW CRITICAL SOLUTION TEMPERATURE SYSTEMS .......................................................... 8
BIOCOMPATIBILITY AND BIORESORBABILITY OF HYDROGEL SYSTEMS ........................... 12
LAPAROSCOPIC SURGERY ................................................................................................. 14
CHAPTER TWO: THESIS WORK ...................................................................................................... 16
INTRODUCTION ................................................................................................................. 16
MATERIALS AND METHODS .............................................................................................. 17
MATERIALS ........................................................................................................................ 17
PREPARATION OF ACRYLATED T1107 (T1107-ACR) .......................................................... 17
PREPARATION OF SUCCINIC ACID MODIFIED T1107 (T1107-SA)...................................... 18
PREPARATION OF NHS MODIFIED T1107 (T1107-ACR-NHS) ............................................ 19
ANTISOLVENT RECRYSTALLIZATION PROTOCOL ............................................................... 20
DIFFERENTIAL SCANNING CALORIMETRY (DSC) ............................................................... 21
NUCLEAR MAGNETIC RESONANCE (NMR) ........................................................................ 23
RHEOLOGICAL STUDIES ..................................................................................................... 26

iv

TILT TEST PROTOCOL ........................................................................................................ 26
ELEVATED TEMPERATURE CROSSLINKING TESTS ............................................................. 27
LAP SHEAR ......................................................................................................................... 27
GEL PERMEATION CHROMATOGRAPHY (GPC) ................................................................. 28
HEAD SPACE ANALYSIS...................................................................................................... 29

RESULTS AND DISCUSSION ............................................................................................... 30
SYNTHESIS ......................................................................................................................... 30
NUCLEAR MAGNETIC RESONANCE (NMR) ........................................................................ 37
DIFFERENTIAL SCANNING CALORIMETRY (DSC) ............................................................... 38
RHEOLOGY ........................................................................................................................ 41
TILT TEST ........................................................................................................................... 44
LAP SHEAR ......................................................................................................................... 47
ADDITIONAL CHARACTERIZATION OF T1107-ACR-NHS .................................................... 48
ELEVATED TEMPERATURE CROSSLINKING EXPERIMENT .................................................. 51
CONCLUSION..................................................................................................................... 54

CHAPTER THREE: FUTURE WORK .................................................................................................. 60
CONCENTRATION VARIATION STUDIES ............................................................................ 60
DTT CURING TIME RHEOLOGICAL STUDIES ...................................................................... 60
PURIFICATION OF T1107 ................................................................................................... 61
THERMAL STUDIES ............................................................................................................ 61
CONCLUSION ..................................................................................................................... 62
REFERENCES .................................................................................................................................. 64

v

LIST OF FIGURES
Figure 1: Different Types of Hydrogel Crosslinking ........................................................................ 6
Figure 2: Phase Diagram depicting LCST behavior.......................................................................... 8
Figure 3: Potential mechanisms of gel formation in copolymers bearing solvophilic and
associating thermoresponsive block39 .......................................................................................... 11
Figure 4: Unmodified T1107 ......................................................................................................... 17
Figure 5: Acryloyl Chloride Modification Reaction Scheme ......................................................... 18
Figure 6: Succinic Anhydride Modification Reaction Scheme ...................................................... 19
Figure 7: N-Hydroxysuccinimide Modification Reaction Scheme................................................. 20
Figure 8: 75% Acrylated T1107-ACR-NHS ..................................................................................... 20
Figure 9: DSC Thermogram for 75% Acrylated T1107-ACR-NHS .................................................. 22
Figure 10: Example NMR Spectra of 75% Targeted Acrylation Sample ........................................ 24
Figure 12: Lap Shear Custom Testing Apparatus .......................................................................... 27
Figure 13:Setup of a Cannula Solvent Transfer ............................................................................ 32
Figure 14: Proposed Mayo and Flory Mechanisms for Acrylate Crosslinking 72........................... 34
Figure 15: Proposed SA modification: DMAP first attacks the SA ring, after which the unmodified
end groups of T1107 attack the carbonyl, modifying the T1107 with a carboxylic acid. ............. 35
Figure 16: Proposed Mechanism for MEHQ Inhibition: After DMAP initiation, the MEHQ attacks
the carbonyl, forming an unintentional side product .................................................................. 36
Figure 18: Effect of Acrylation Rate on Phase Change Temperature ........................................... 40
Figure 19: Effect of Acrylation Rate on Gelation Temperature as found by Rheology ................ 41
Figure 20: Example Chart of Rheology Data for 85% T1107-ACR-NHS ......................................... 43

vi

Figure 22:Thiol-Michael Addition Reaction Scheme76 .................................................................. 49
Figure 23: Effect of Storage Temperature on Acrylation Rate ..................................................... 53
Figure 26: GPC Data for Batch 1 and Batch 3 ............................................................................... 56
Figure 27: Superimposed NMR Spectra of Batch 1 and Batch 3 .................................................. 58

vii

LIST OF TABLES
Table 1: Description of NMR Spectra ............................................................................................ 25
Table 2: Calculated Acrylation Rates of Synthesized T1107-ACR-NHS ......................................... 38
Table 3: Tilt Test Results of Eight Acrylated Samples ................................................................... 46
Table 4: Comparison of T1107 Molecular Weight and Block Repeat Unit Ratios ........................ 54
Table 5: GPC Data for Batch 1 and Batch 3 ................................................................................... 55

viii

LIST OF ABBREVIATIONS
Abbreviation
Meaning
ACR ............................................................................................... Acryloyl Chloride/Acrylate Group
DCC ................................................................................................... N,N’-dicyclohexylcarbodiimide
DCM....................................................................................................................... Dichloromethane
DMAP ....................................................................................................... 4-dimethylaminopyridine
DOPA .............................................................................................. (3,4-dihydroxyphenyl)-L-alanine
D-PBS .......................................................................................Dulbecco Phosphate Buffered Saline
DSC ...............................................................................................Differential Scanning Calorimetry
DTT ...............................................................................................................................Dithiothreitol
G' ........................................................................................................ Rheological Storage Modulus
G'' ............................................................................................................. Rheological Loss Modulus
GPC ............................................................................................... Gel Permeation Chromatography
HS-GC-MS .................................................... Headspace-Gas Chromatography-Mass Spectrometry
LCST ............................................................................................ Low Critical Solution Temperature
MEHQ .................................................................................................................... 4-methoxyphenol
MIS ......................................................................................................... Minimally Invasive Surgery
NHS............................................................................................. N-hydroxysuccinimide/NHS Group
NIPAm ........................................................................................................... N-isopropylacrylamide
NMR ................................................................................................... Nuclear Magnetic Resonance
NVF ....................................................................................................................... N-vinylformamide
PAA ........................................................................................................................... Polyacrylic Acid
PBS ..........................................................................................................Phosphate Buffered Saline
PEO ..................................................................................................................... Polyethylene Oxide
PPO ................................................................................................................... Polypropylene Oxide
SA ........................................................................................................................ Succinic Anhydride
SOR .................................................................................................................... Super Oxide Radical
T1107 .......................................................................................................... Tetronic T1107 Polymer
TEA .............................................................................................................................. Triethylamine
TGA ................................................................................................... Thermal Gravitational Analysis
THF .......................................................................................................................... Tetrahydrofuran
w/v ..................................................................................................................... Weight per Volume

ix

CHAPTER ONE: INTRODUCTION AND REVIEW OF LITERATURE
INTRODUCTION
As surgeries become more complex, the need for higher strength biodegradable adhesives is
becoming more urgent.1-3 Laparoscopic surgeries are those characterized by the use of small
incisions in the abdomen and the insertion of telescopic tools, useful for their minimally
invasive nature and accelerated recovery times.4 Laparoscopy is common for hernia repair
operations.5 For these procedures, biodegradable adhesives have the potential to further
increase the advantage of laparoscopy, allowing for even shorter recovery times.
This thesis will focus on the further development of a surgical adhesive based on
Tetronic T1107, a four-arm poly (propylene oxide)-poly (ethylene oxide) (PPO-PEO) block
copolymer. This hydrogel system will be modified to add acrylate and N-hydroxysuccinimide
end groups, which provide adhesive and cohesive properties, respectively. Through the
synthesis and characterization of different ratios of these end groups, the optimal combination
will be found, as indicated by the total effective adhesive strength of the polymer. Chapter 1
will focus on literature review: discussing current surgical closure methods, hydrogel systems,
low critical solution temperature systems, important properties for bioadhesives, laparoscopic
surgery, and more.
CURRENT METHODS OF SURGICAL CLOSURE
In any surgery where incisions are made, those incisions must be closed to ensure proper
healing. There are a multitude of factors that influence the process of wound closure. To
understand how closure methods are chosen for each surgery, it is important to discuss how
tissues within the body regenerate themselves after an injury. There are three distinct phases
of tissue repair: the inflammatory phase, the proliferative phase, and the remodeling phase.
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First, the inflammatory phase begins, spanning 2-5 days, characterized by swelling and
increased blood flow. Next, the proliferative phase is characterized by the formation of scar
tissue as well as the growth of new tissue over 3-4 weeks. Last, the re-modeling phase can
continue for multiple years, in which the wound builds up collagen tissue which increases the
tensile strength.6 Thus, it is important to pick a closure method that works most adequately
with the body to keep the incision closed throughout healing. Three different classes of wound
closure will be discussed below.
Use of sutures and staples are two of the most common methods of wound closure.
Their use corresponds to their excellent tensile strength, matching or exceeding that of tissue.
There are two distinct types of sutures: natural and synthetic. Additionally, the classifications of
suture types include construction and absorbability.7 No single suture embodies all the best
qualities, thus, it is important to choose the best suture type for a patient’s body and the
requirements for the specific surgical application. Absorbable sutures must exhibit two primary
qualities: tensile strength enduring long enough to ensure proper wound healing and quick
absorption as soon as the healing process is complete. Absorption occurs through one of two
processes: enzymatic proteolysis for natural sutures, and hydrolysis for synthetic sutures.
Staples are also used for modern wound closure. They have several advantages over sutures, in
that they are placed expeditiously and require less surgical skill. Additionally, they are
associated with a lower risk of infection.8
Sutures and staples also inherently come with some disadvantages. The first major
disadvantage is that they are not suitable for increasingly complicated procedures in which
leaks of bodily fluids must be prevented from tissues that have a low cohesion strength.
2

Additionally, staples and sutures introduce trauma to the surrounding tissue, increasing the
production of scar tissue, inflammation, and risk of wound reopening. Traditional wound
closures are not optimal for surgical areas that are harder to access.9 The implementation of
sutures and staples requires the use of anesthesia, whereas bioadhesives do not. Last, applying
these traditional closure methods is an acquired technical skill which varies between surgeons,
influencing the time and success of such approaches.10
Another class of wound closure is tissue adhesives. These are materials that polymerize
in situ, bonding with tissues and providing full closure of an incision.7, 11, 12In the same manner
as traditional closure techniques, there are requirements for tissue adhesives to be used as a
wound closure method. To begin, tissue adhesives must have a sufficient total effective
adhesive strength to hold the incision closed until an adequate amount of healing can take
place, where the wound can hold itself closed without assistance. Additionally, the tissue
adhesive must polymerize in a moist environment and exhibit sufficient adhesive strength to
wet surfaces. Next, the adhesive must be biocompatible, eliciting little immune response.9
Tissue adhesives also require a mechanical compliance similar to tissue in order to maintain
secure wound closure and prevent tearing of the cellular matrix.13
Currently, there are several adhesives or tissue glues on the market. The fibrin-based
TISSEEL® and bovine-based BioGlue® are two options available when conventional closure
techniques are not possible. Unfortunately, these two biologically derived closure methods
have several known issues, including low mechanical strength and possible viral transmission. 1416

Because of the shortcomings of biologically derived approaches, synthetic methods have

been researched in recent years. Cyanoacrylate based materials such as Dermabond® and
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Histoacryl® are popular as they feature advantageous properties such as high bond strength
and the ability to adhere to wet surfaces.17 However, cyanoacrylates are unsuitable for highpressure applications due to lack of compliance and potential cytotoxicity by formaldehyde
formation during the degradation of the adhesive in aqueous environments.18, 19
A third class of biomedical adhesives is hydrogels. These materials have the potential to
achieve a desired blend of tissue adhesion, material cohesion, and high biocompatibility.
Another attractive attribute of certain hydrogels is the thermal gelation. At the gelation
temperature, a thermally responsive polymer undergoes a sol-gel phase transition, forming the
hydrogel. This behavior arises from changes in the hydrophilicity of the polymer and the
corresponding solubility at certain temperatures. Polymers that exhibit this behavior are
referred to as low critical solution temperature (LCST) polymers. At temperatures below the
LCST, the polymer is miscible in solution. Conversely, when above the LCST, the polymer
immiscible in solution. Therefore, when the polymer is subjected to thermal stimulus, sol-gel
transition occurs.20 In a surgical application, the homeostatic temperature of the body is above
the LCST, causing thermal gelation to take place after application.
Use of biodegradable adhesives provides many potential advantages over traditional
closure techniques. To begin, biodegradable adhesives can provide a higher quality closure than
traditional closure methods. Biodegradable adhesives may close the incision completely, while
a suture or stitch only brings the tissues together and does not seal them. Additionally,
traditional methods can yield unsatisfactory results, with sites leaking at pressures less than
normal pressure levels.21Another issue with traditional closure methods is that they may
introduce points of high stress on the site through punctures in the tissue, increasing the risk of
4

reinjury. This issue can be solved through use of bioadhesives, where an incision can be held
closed through chemical bonding to the tissue. Traditional closure methods are also challenging
in laparoscopic surgeries due to the ergonomics of application, further discussion of which will
take place in the Laparoscopic Surgery section of Chapter One.
Although bioadhesives have many advantages over traditional closure techniques,
adoption has been limited. The largest obstruction preventing widespread adoption of
bioadhesives is the lack of strength. To surpass traditional closure methods, bioadhesives must
have sufficient adhesive strength to hold the site closed, high bulk strength to hold the
adhesive mass together, and an appropriate compliance to avoid overt tissue stress. In addition
to these mechanical properties, bioadhesives must also have low cytotoxicity and acceptable
degradation times within the body.22 Lastly, the bioadhesive must be easy to apply in situ.
HYDROGEL SYSTEMS
Hydrogels are of particular interest to the biomedical community, amassing much interest over
the last several decades, as they combine many advantages for wound closure including
hydrophilicity, biocompatibility, ease of application, tunable thermal and mechanical
properties, and biodegradability.23-29 The concept of hydrogels was first introduced by
Wichterle and Lim in 1960, when they detailed a material with hydrophilic groups and threedimensional structure.30 In 1995, Ulbrich et. al. synthesized a degradable hydrogel for
controlled drug release based on N-(2-hydroxypropyl)-methacrylamide copolymers.31 In 2013,
White et. al. reported a thermally active composite hydrogel based on alginate/poly (ethylene
oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO) triblock copolymer. It was
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found that the addition of hydrogel to the composite increased the mechanical properties by
orders of magnitude.32
On a chemical level, hydrogels are three-dimensional hydrophilic polymer networks that
can absorb substantial amounts of water. This absorbance comes from the hydrophilicity of the
polymer chain, allowing a hydrogel to absorb anywhere from 10% w/v to many times its dry
weight.33 Solubilization of the polymer chains is avoided through physical or chemical crosslinks
within the hydrogel system. Hydrogels are referred to as “physical” or “reversible” hydrogels
when they are held together by molecular entanglements and/or secondary forces such as
hydrogen bonding or ionic forces. In contrast, hydrogels are classified as “chemically
crosslinked” or “permanent” hydrogels when the network is crosslinked by covalent bonding.
These distinctions are important because they affect both the chemical and mechanical
properties of the material. The two different types of crosslinking can be seen in Figure 1.

Figure 1: Different Types of Hydrogel Crosslinking
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As hydrogels are predominantly composed of water, it is important to understand how
water interacts with the hydrophilic polymer backbone. When the dry hydrogel powder first
begins to absorb water, the first step is hydration of the hydrophilic areas of the system. This
water is referred to as “primary bound water.” When the hydrophilic groups of the system are
hydrated, the polymer system begins to swell, exposing the hydrophobic groups to water
molecules. Next, the hydrophobic groups of the system are hydrated, with the water referred
to as “secondary bound water.” The last step of hydration and swelling occurs as Hoffman
states, “the network will imbibe additional water due to the osmotic driving force of the
network chains towards infinite dilution.” The additional swelling is opposed by the crosslinks
within the system, either physical or chemical.34
When a hydrogel is hydrated, it is common to measure the weight per volume (w/v)
concentration of the system, as molecular interactions and the resulting material behavior can
change drastically with variation of this property. One study observed the phase change
behavior of an LCST hydrogel system in which the transition temperature is affected by the w/v
concentration. By varying the w/v concentration between 15-25 %, the gelation temperature
inversely varies from 15-29 °C.35 LCST behavior and similar polymers will be reviewed in more
detail in the “Low Critical Solution Temperature Systems” section. Various studies have also
shown that changing the concentration w/v of a hydrogel can be used to tune the mechanical
properties of the hydrogel such as tensile strength, tensile modulus, compressive strength, and
compressive modulus.25, 36 Furthermore, the hydration of the hydrogel system can begin the
process of degradation if the polymer system is susceptible to such behavior. This degradation
behavior will be covered in more detail in the “Bioresorbable Polymer Systems” section.
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LOW CRITICAL SOLUTION TEMPERATURE SYSTEMS
As previously mentioned, many hydrogels exhibit LCST behavior. This is particularly useful in the
biomaterials field due to the prevalence of heat stimuli in biological environments, ease of
external stimuli application, and oftentimes completely reversible behavior.37 In the context of
this thesis, LCST hydrogels are extremely valuable for their low viscosity at low temperatures,
and subsequent high viscosity at higher temperatures. This low viscosity allows for injectability,
while high viscosity allows for adhesive properties at homeopathic temperatures. 38
On a thermodynamic level, LCST materials are systems in which a polymer is miscible in
solvent at lower temperatures and undergo phase separation at higher temperatures. This
behavior can be seen in the phase diagram depicted in Figure 2.

Figure 2: Phase Diagram depicting LCST behavior
Phase separation is an entropically driven process that can be described through the equation
for Gibbs free energy. In Equation 1, Δ𝐺 is the Gibbs free energy of mixing, Δ𝐻𝑚𝑖𝑥 is the
enthalpy of mixing, T is temperature, and Δ𝑆𝑚𝑖𝑥 is the entropy of mixing. In Equation 2, 𝑘𝑏 is
8

the Boltzmann constant, while Ω is the number of different configurations in the system. In the
classical dissolution of
Δ𝐺 = Δ𝐻𝑚𝑖𝑥 − 𝑇Δ𝑆𝑚𝑖𝑥

(1)

Δ𝑆𝑚𝑖𝑥 = 𝑘𝑏 ∗ ln(Ω)

(2)

polymers, the Δ𝑆𝑚𝑖𝑥 of a polymer is most likely positive, as Ω increases during dissolution.
However, for LCST polymers, the number of configurations can decrease, as solvent molecules
will order themselves around the polymer, resulting in a negative Δ𝑆𝑚𝑖𝑥 . If the polymer also has
a negative Δ𝐻, then Δ𝐺𝑚𝑖𝑥 will be reliant on temperature. At low temperatures, Δ𝐺𝑚𝑖𝑥 will be
negative, indicating a spontaneous mixing of the system, or polymer-solvent dissolution. At a
certain temperature, referred to as the spinodal point, the Δ𝐺𝑚𝑖𝑥 will transition from negative
to positive, resulting in mixing being unfavorable and thus phase separation.39
At the spinodal point, there are multiple avenues in which phase transition occur,
depending on the polymer system. The main class of LCST polymers that will be discussed in
this thesis is one that relies on a balance of hydrophilic and hydrophobic properties.40 These
polymers form micelles due to their hydrophilic/hydrophobic nature. The characteristics of
these micelles, namely the abundance, shape, and inter-micelle interactions are dictated by
system characteristics such as molecular weight, ratio of hydrophobic to hydrophilic groups,
w/v of the system, and more.41 The formation of these micelles and their increased interactions
are critical in the phase transition of the material. One potential avenue for phase transition is
pictured in Figure 3. Figure 3 (i) shows a copolymer chain in which one block is solvophilic and
the other is associating, oftentimes solvophobic. Figure 3 (ii) shows self-association of the
associating polymer blocks. Figure 3 (iii-v) show a potential mechanism for gelation, in which an
9

elastic network may be created through the combination of cross-links and self-association of
the associating blocks.

10

Figure 3: Potential mechanisms of gel formation in copolymers bearing solvophilic and
associating thermoresponsive block39
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Thermally responsive hydrogels have been researched extensively in recent years for these
attractive attributes.27, 32, 42-44 In one study, a PEO-PPO-PEO triblock copolymer system was
modified with (3,4-dihydroxyphenyl)-L-alanine (DOPA) end groups. The unmodified copolymer
was found to have a sol-gel transition between 22-31°C with poor adhesive properties. After
end-group modification, the DOPA-modified system was shown to undergo phase change
between 22-46°C, with viscometry measurements showing a significant increase in adhesion. 45
In another example, a copolymer of N-isopropylacrylamide (NIPAm) and N-vinylformamide
(NVF) was synthesized in different ratios. This copolymer was subsequently polymerized with
phenylcarbonate telechelic glycol, forming a LCST polymer. It was demonstrated in this study
that the thermal properties of this polymer can be tuned by altering the ratio of NIPAm:NVF,
showing a variance of ~4.5°C in the thermal gelation temperature.46 In another study, a tunable
hydrogel was developed based on poly(alkyl glycidyl ether)s. The thermal properties of the
crosslinked hydrogel were affected by composition, size, and concentration of the alkyl group.
It was also shown that this hydrogel had low cytotoxicity levels as well as an acceptable
degradation time.47 Another journal article reviews block copolymers, one of which being
polyacrylic acid-polyethylene glycol- polyacrylic acid (PAA-PEG-PAA). This triblock copolymer
was shown to have adhesive properties and exhibit high viscosity at higher temperatures, the
LCST being adjusted by changing the composition.48
BIOCOMPATIBILITY AND BIORESORBABILITY OF HYDROGEL SYSTEMS
In 1987, biocompatibility was defined at the European Society for Biomaterials conference as
“the ability of a biomaterial to perform with an appropriate host response in the specific
application.”49 In more simple terms, biocompatibility translates to a material’s ability to exist
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inside the body without causing an unacceptable level of harm. Bioresorbability is a similar
property, referring to a material’s ability to degrade inside the body without producing toxic
byproducts. These two characteristics work in tandem to provide a material safe for use inside
the human body. These properties are special, given that most common implant materials such
as metals or ceramics have been shown to have poor biocompatibility and bioresorbability.50-52
Biocompatibility is important within the biomaterial space because there are many
possible interactions that can be caused by poor biocompatibility, including: blood interactions,
stem cell interactions, provisional matrix formation, temporary inflammation, wound healing,
formation of granulation tissue, foreign body reaction, oxidative stress, and more. 53 In the past,
patients utilizing an implant, including those based on polymers, could be placed on
immunosuppressants to raise the chances of implant success.54, 55 This is not the best solution
to aid implant viability, so researchers have moved towards designing biomaterials that
produce little to no immune system response at all.56 Hydrogels are one potential solution to
this problem, as their hydrophilic character and relatively inert chemical properties produce
very good biocompatibility.53, 57, 58 This could be caused by many different mechanisms,
including similarity in water content to body tissues and a similar mechanical compliance.34
Bioresorbability is a crucial property in determining the viability of these hydrogel
systems, directly corresponding with the biocompatibility. Bioresorbability can come from
different mechanisms, including peptidic and hydrolytically degradable linkages.59-61 In the
context of bioadhesives, this property is especially valuable, as the degradation can be tuned to
provide adhesion for a certain amount of time as to encourage proper wound healing.60
Moreover, the degradation of the bioadhesive must not produce harmful byproducts.18 It has
13

been shown in previous work that Tetronic® T1107, the focus of this thesis, is both
biocompatible and bioresorbable.62
LAPAROSCOPIC SURGERY
Laparoscopic surgery first underwent development in the 1960s as an exploratory surgery, one
intended to provide diagnostic information on the patient. At its core, laparoscopy is a
minimally invasive surgical (MIS) technique that is defined as “short, narrow tubes (trocars) are
inserted into the abdomen through small (less than one centimeter) incisions. Through these
trocars, long, narrow instruments are inserted. The surgeon uses these instruments to
manipulate, cut, and sew tissue.”63 This surgical method is commonly used for various
operative procedures in the abdominal area including cholecystectomy, adrenalectomy,
nephrectomy, fundoplication, hernia repair, bowel resection, and gynecological procedures.64
The motivation for the utilization of laparoscopy over traditional methods is decreased
recovery time, reduced post-operative pain, improved cosmetic results, and more. Most of
these benefits result from the comparatively small size of incisions in laparoscopy compared to
traditional methods.
To understand the value of a bioresorbable polymer adhesive, one must understand the
current procedures and solutions in place today. One of the most common laparoscopic
surgeries is a hernia repair surgery. A hernia is a common injury, occurring when an internal
organ bulges through a weakened portion of the muscular wall or fascia near the surface of the
skin. Hernias are often located in the abdominal area, with the most visible indicator of a hernia
injury being a bulge in the skin of the abdominal area. The etiology of this condition is excess
strain in the area, including physical exertion, coughing, or obesity. Early methods of hernia
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repair involved simply suturing the tissue hole closed. However, as these tissues are not
normally in tight apposition, tension was introduced into the system, along with resultant tissue
damage from the use of traditional closure methods. With this variation of hernia surgery, risk
of reinjury is extremely high.65
Thermally gelating bioadhesives have the potential to help improve laparoscopic
surgeries. As previously stated, use of traditional closure methods require a certain amount of
learned technical skill to apply.10 When working with telescopic instruments through trocars,
the result is more inconsistent and slow. To remedy this, thermally gelating bioadhesives can be
applied using a syringe in a much simpler procedure. In addition, laparoscopic surgery is
increasingly valuable due to the shortened recovery times when compared to traditional
surgery. Bioadhesives have the potential to increase this benefit, as they do not generate as
much tissue inflammation as traditional closure techniques.

15

CHAPTER TWO: THESIS WORK
INTRODUCTION
Previous work by Sanders et. al. demonstrated that Tetronic® T1107, a four-arm poly(propylene
oxide)-poly(ethylene oxide) (PPO-PEO) block copolymer, is useful as a chemical crosslinking
thermo-responsive hydrogel bioadhesive for hernia mesh surgery applications. In this study, the
hydrogel was functionalized to have acrylated (ACR) and N-hydroxysuccinimide (NHS) end
groups. The NHS reacts with tissue amines for chemical adhesion66, while the acrylation
provides crosslinking within the hydrogel for mechanical strength. The study demonstrated the
effect of ACR:NHS synthesis ratios on the mechanical and thermal gelation properties of the
hydrogel. The bi-functionalized product was found to have improved adhesive properties over
T1107 ACR alone.62
Building upon the success of this study, a synthesis process was designed to eliminate the need
for a multi-step process, instead functionalizing the T1107 product in one step. The mechanical
properties of the hydrogel can be optimized to better serve as a surgical adhesive. It is expected
that a higher degree of acrylation would provide a higher cohesive strength, but a lower
adhesive strength. Samples with varying ratios of ACR:NHS end groups will be characterized in a
way to predict the in situ behavior. Lap shear tests will be used to measure the adhesion and
cohesion properties of the material. Rheological and thermal studies will be used to measure
the thermal properties of the hydrogel by measuring the phase transition temperature, as well
as the amount of time the transition takes.
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MATERIALS AND METHODS
MATERIALS
Tetronic® T1107 (T1107, MW: 15 kDa, HLB: 18-23) was generously donated by BASF. Acryloyl
chloride, triethylamine (TEA), succinic anhydride (SA), 4-dimethylaminopyridine (DMAP), N,N’dicyclohexylcarbodiimide (DCC), sodium bicarbonate, chloroform-D and 4-methoxyphenol were
purchased from Sigma Aldrich. N-hydroxysuccinimide (NHS), dichloromethane (DCM) and
tetrahydrofuran (THF) were acquired from Acros Organics. Diethyl ether, phosphate buffered
saline (PBS), and hexane were purchased from VWR BDH chemicals. Dried collagen was
acquired from DeWied International. DCM was dried by purging with nitrogen and allowing to
sit over molecular sieves (Type 3A) for three days. THF was dried by a benzophenone-sodium
still. All other chemicals were used as received.

Figure 4: Unmodified T1107
PREPARATION OF ACRYLATED T1107 (T1107-ACR)
T1107-ACR was synthesized via reaction between unmodified T1107(as seen above in Figure 4)
and acryloyl chloride. All glassware was flame dried and purged with nitrogen prior to use. The
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following procedure outlines the reaction to produce T1107-ACR 80% acrylation rate. All other
acrylation rate samples follow this protocol, adjusting the amount of reagents to match the
desired acrylation rate. To target an 80% acrylation rate, 6 g (0.4 mmol) of T1107 was dried at
80 ˚C under vacuum for 24 h to remove water impurities in a 150 ml flask. Once removed from
the vacuum oven, the flask was sealed using a rubber septum and fully purged with nitrogen.
Using a cannula, 50 ml of dry DCM was added to the flask. After addition of the solvent, 0.178
ml (1.28 mmol) of TEA was added to the flask using a syringe to act as an acid scavenger during
the reaction. To this, 104 µL (1.28 mmol) of acryloyl chloride was added dropwise under stirring
using a 100 µL micropipette. The reaction was allowed to stir for 24 h. The solution was
concentrated using a rotary evaporator at 30 ˚C until only 20ml remained. THF (20 ml) and
sodium bicarbonate (0.5g) were then added to the flask and allowed to stir for 5 minutes to
neutralize any remaining acids. This solution was vacuum filtered. The solution was
concentrated once again using a rotary evaporator at 40˚C. Antisolvent recrystallization
protocol was then performed using DCM as the solvent as described below. The resulting
product was then characterized via NMR to verify the product and quantitatively determine the
rate of acrylation.

Figure 5: Acryloyl Chloride Modification Reaction Scheme
PREPARATION OF SUCCINIC ACID MODIFIED T1107 (T1107-SA)
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Using the example synthesis above, the 80% acrylated T1107 was then modified to place
carboxylate groups in the remaining 20% of end groups. This was accomplished through a
reaction of the modified T1107-ACR from previous section. For example, 4 g (0.267 mmol) of
T1107-ACR was charged to the reaction vessel, 0.021 g (0.213mmol) of SA and 0.026 g (0.213
mmol) DMAP were added as reagent and catalyst, respectively. The reaction vessel was sealed
with a rubber septum and purged completely with nitrogen. THF (50 ml) was then added using
a cannula. Reaction was allowed to stir for 24 h. Antisolvent recrystallization protocol was
performed using THF as the solvent as described below. The resulting product was then
characterized via NMR to verify the product.

Figure 6: Succinic Anhydride Modification Reaction Scheme
PREPARATION OF NHS MODIFIED T1107 (T1107-ACR-NHS)
The carboxylate groups from the previous section were modified with NHS by the following
example procedure. The T1107-ACR 3 g (0.2 mmol) was charged to the reaction vessel, along
with 0.023 g (0.2 mmol) of NHS and 0.041 g (0.2 mmol) of DCC. The reaction vessel was sealed
with a rubber septum and purged completely with nitrogen. THF (50 ml) was then added using
a cannula. Reaction was allowed to stir for 24 h. Antisolvent recrystallization protocol was
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performed using THF as the solvent as described below. The resulting product was then
characterized via NMR to verify the product. An example structure of 75% acrylated T1107ACR-NHS can be seen below in Figure 8.

Figure 7: N-Hydroxysuccinimide Modification Reaction Scheme

Figure 8: 75% Acrylated T1107-ACR-NHS
ANTISOLVENT RECRYSTALLIZATION PROTOCOL
Antisolvent recrystallization was performed to remove polymer samples from solvent as well as
the extraction of reaction by-products for purification. Before the recrystallization process,
hexane and diethyl ether were both placed into a freezer kept at -18˚C for at least 15 min. To
begin, samples were concentrated using a rotary evaporator until 20 ml of solution remained.
Concentrated solution was poured into 4 total centrifuge tubes, splitting the volume evenly
between them. Diethyl ether (20 ml) was added to each tube. Hexane (20 ml) was added to
each tube. Tubes were shaken by hand. The tubes were run through a centrifuge for 5 min at
12,000 rpm. Supernatant was decanted into the waste container. Around 10 ml of solvent
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(DCM for T1107-ACR, THF for T1107-SA and T1107-ACR-NHS) was added to the tubes. Tubes
were then shaken to ensure polymer dissolution. Hexane (40 ml) was added to each tube. The
tubes were once again shaken thoroughly. Tubes were run through the centrifuge as described
above and supernatant was decanted. Tubes were placed under vacuum to remove latent
solvent.
DIFFERENTIAL SCANNING CALORIMETRY (DSC)
DSC was performed using a TA Instruments Q1000 V9.9 Build 303 calorimeter. Samples were
prepared at 30% w/v and allowed to equilibrate at 4 °C overnight. Samples were then placed
into a hermetic aluminum pan. Each sample was equilibrated at 0 °C and then ramped to 70 °C
at 5 °C/min. At 70 °C, the sample was held isothermally for 6 seconds, at which point the
temperature was decreased back down to 0 °C at 5 °C/min. Data was processed using TA
Universal software. An example thermogram is shown below in Figure 9. Peaks were measured
using minimum/maximum for each of the heating and cooling peaks, respectively. These two
temperatures were averaged and processed using Microsoft Excel.
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Figure 9: DSC Thermogram for 75% Acrylated T1107-ACR-NHS
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NUCLEAR MAGNETIC RESONANCE (NMR)
NMR was performed using a 300 MHz JEOL ECX-300. Samples were prepared in clean NMR
tubes with chloroform-D as the solvent. Each sample was allowed to relax for at least 15
minutes before NMR was performed.
NMR was the characterization method of choice used to determine acrylation rate in
this research. An example NMR spectra and description of the most important peaks can be
found in Figure 10 and Table 1 below, in which the peaks are color coded. Around 6.2 ppm,
there are multiple small peaks that indicate the presence of the three different protons on the
acrylate end group. The acrylation rate was found by taking the average of these three peaks.
The PEO peak is found at 1.1 ppm, with an integration of 57. This results from the 19 repeat
units, each with 3 protons. The PPO peak is found at 3.5, with an integration of 297.26, which is
then adjusted to subtract the PEO peak of 57, giving an integration value of 240. This results
from 60 repeat units, each with 4 protons. The NHS peak is found around 2.6, with an
integration around 0.8 (assuming an 80% acrylation rate). This shows that 20% of the end
groups are NHS groups, as there are 4 protons being measured on the NHS functional group.
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Chemical Species
Name

Chemical Structure

Polypropylene Oxide

Polyethylene Oxide

N-hydroxysuccinimide

Succinic Anhydride

Acrylate

Figure 10: Example NMR Spectra of 75% Targeted Acrylation Sample
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Chemical Species
Name

Expected Chemical Shift

Peak Integration
Area

Polypropylene Oxide

1.1 ppm

19 x 3 = 57

Polyethylene Oxide

3.5 ppm

298.63 - 57 = 241.63

N-hydroxysuccinimide

2.6 ppm

0.2 * 4 = .8

Succinic Anhydride

2.7 ppm

0.2 * 4 = .8

Acrylate

6.2 ppm

0.8

Chemical Structure

Table 1: Description of NMR Spectra
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RHEOLOGICAL STUDIES
Rheology measurements were carried out using a TA Instruments AR-1000N Rheometer with a
Peltier plate attachment. The rheometer was equipped with a 20 mm stainless steel parallel
plate. Experimental parameters were as follows: 1% strain, 1 Hz frequency. Samples were
prepared at 30% w/v and allowed to equilibrate at 4˚C for 24h. Samples were pipetted onto the
Peltier plate, which started each trial at 5˚C. A pre-shear step was conducted at 20 Hz for 10s to
eliminate bubbles in the sample and establish a better trial. The second step was the
temperature ramp step, in which the temperature was ramped from 5 ˚C to 50 ˚C at a rate of
2˚C/min. During this time, the 1% strain and 1 Hz frequency parameters were followed. Data
was recorded and analyzed in TA Trios software. The temperature at which phase transition
occurred was measured as the point in which the storage modulus (G’) surpassed the loss
modulus (G’’).
TILT TEST PROTOCOL
Tilt test experiments were carried out using 20 ml disposable glass scintillation vials, with each
end group modified T1107 sample in PBS at 30% w/v. To create each sample, 0.12 g of T1107
ACR/NHS was added to 0.4ml of PBS. Each sample was allowed to swell and dissolve for 24 h in
a refrigerator kept at 4 ˚C. After this relaxation time, each sample was placed into a water bath
kept at 37 ˚C. At intervals of every 10 s, the sample was inverted to check for phase change.
Phase change was classified as the point at which inversion of the vial no longer caused the
material to flow, with the hydrogel sticking to the sides of the container. Between trials, each
sample was allowed to relax in the refrigerator for 24 h.
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ELEVATED TEMPERATURE CROSSLINKING TESTS
To ensure uniformity across samples, one sample of 75% T1107-ACR-SA-NHS was ground to
ensure relative powder uniformity and consequently split into 5 different samples. The samples
were placed into open 50 ml centrifuge tubes and subjected to four different temperature
environments: -20, 5, 25, and 45 °C. The last sample was placed in a vacuum chamber at 25 °C.
The samples were allowed to crosslink in their respective environments for 48 h, at which point
NMR was immediately run on each sample and acrylation rates were quantitatively measured.
The acrylation rates were compared to the pre-temperature treatment acrylation rates.
LAP SHEAR
Lap shear mechanical testing was performed through a custom setup to imitate in situ
environment. The custom testing apparatus can be seen in Figure 11 below.

Figure 11: Lap Shear Custom Testing Apparatus
To begin, collagen was hydrated in 1x PBS for 1 hour. Aluminum sheets were cut into a tab
shape of dimensions 3x1 cm. The 1 cm distance on the long side was marked with permanent
market to provide visual guidance. Hydrated collagen was glued onto the aluminum tab with
Gorilla Glue and allowed to cure for 24 hrs. A 30 % w/v solution of T1107-ACR-NHS was
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prepared. A 0.15 g/ml solution of dithiothreitol (DTT) was prepared. The DTT solution was
pipetted into the polymer solution at a 1:1 acrylate:thiol molar ratio. The crosslinked solution
was immediately mixed on a vortex mixer. The crosslinked solution was allowed to cure at 5 °C
for 24 h. Prior to preparing a lap shear sample, the aluminum tabs with collagen are rehydrated
in 1x PBS for 1 h. After the cure time for the crosslinked solution, 0.05 ml of solution was
pipetted onto the hydrated collagen tabs. Each lap shear sample was then placed onto a glass
plate, wrapped in a paper towel wetted with PBS, and placed into a 37 °C water bath for 1 h.
After the temperature cure time, lap shear samples were placed into an Instron tensile testing
machine. The experimental shear speed was 10 mm/min. Extra care was taken to avoid
disturbing the sample when fixing it into the sample holders.
GEL PERMEATION CHROMATOGRAPHY (GPC)
GPC was performed using a Waters Breeze system equipped with a UV/Vis detector.
Chloroform (Fisher optima grade) was used as the mobile solvent, with flow set to 1 ml/min.
Detection was conducted with a Waters 2487 UV/Vis detector at 254 nm. Injection volume for
each sample was 50 µl using a Waters 717 autosampler. Waters Styragel HR 5E columns were
held at 33 °C. Calibration was completed using Waters Breeze Software. Polystyrene standards
were used to provide a relative calibration using a 3rd order fit. Standards were acquired from
various vendors, all within Mw/Mn < 1.1. Each was dissolved in chloroform at a target
concentration of 0.8mg/ml. (400K, 200K, 111.5K, 20K, 4K and 436).
After calibration, each T1107-ACR-NHS sample was dissolved in chloroform at a target
concentration of 0.8mg/ml. Prior to analysis, samples and standards were filtered through a
0.2um PFTE membrane filter using a 5ml gas-tight safety syringe.
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HEAD SPACE ANALYSIS
A residual solvent analysis was performed on the sample using headspace gas chromatographymass spectrometry (HS-GC-MS). 50 mg powder was placed in a 10 ml glass vial sealed by
aluminum cap and silicone/PTFE septum. The vial was incubated at 120 °C for 15 min in an
Agilent 7697A headspace sampler (CA, USA). An aliquot of the headspace was then transferred
to the GC-MS for further analysis. The headspace sample was analyzed by Agilent 8860 GC and
5977B MS (CA, USA) by which the volatiles in the sample were identified. The GC injector was
running at 250 °C and a 1:2 split ratio, with helium as carrier gas at 1 ml/min column flow rate.
The GC column was a 30 m long Agilent HP-5MS UI capillary column (CA, USA) with 0.25 mm
internal diameter and 0.25 μm film thickness. The column temperature programming was
starting at 40 °C, holding for 2 min, then ramping from 40 to 100 °C at 25 °C/min, from 100 to
110 °C at 1 °C/min, from 110 °C to 200 °C at 50 °C/min.
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RESULTS AND DISCUSSION
SYNTHESIS
Synthesizing this end group modified polymer presented synthetic procedural challenges that
needed to be overcome. Previous research, conducted by Sanders, went through a process in
which two different batches of polymer were synthesized separately: 50% and 100% T1107ACR-NHS. These polymers were then blended in specific ratios to create different acrylation
rates.62 This previous research demonstrated the viability of T1107 as a surgical adhesive
replacement, testing four different acrylation rates of T1107-ACR-NHS at 0%, 75%, 87.5%, and
100. To further explore the behavior of this material, 8 different acrylation rates were
synthesized: 0%, 25%, 50%, 75%, 85%, 90%, and 100% acrylated T1107-ACRNHS. A greater
distribution of acrylation rates was used to find the best combination of mechanical and
thermal properties.
To prepare a greater distribution of acrylation samples, a new synthesis process was
implemented. Rather than relying upon a blending process to introduce both acrylate and NHS
end groups into the polymer system at specific rates, the new synthesis process instead
modifies the end groups within each sample directly to the desired acrylation rate. In theory,
this should also lead to better mechanical properties due to a more homogenous distribution of
end groups between polymer chains.
After establishing a base synthesis protocol, it was found that repeatability of acrylation
rates was extremely poor. This poor repeatability was a product of a substantial number of
potential errors, the foremost of which was reaction conditions. Controlling the atmosphere
and reaction conditions to exclude water was of utmost importance. Exceptional care was
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taken to keep the reaction dry due to the inhibitive effect water has on the reactions. This
effect is especially noticeable with acryloyl chloride, as water reacts extremely quickly with the
acyl chloride to form a carboxylic acid, which results in a poor yield of acrylate end groups. To
begin the changes, a new nitrogen desiccant tube was installed, allowing for extra dry nitrogen
to be used in purging. In starting each sample, particular care was taken to flame dry any glass
and thoroughly purge reaction vessels with dry nitrogen. Before any modification was started,
polymer was heated for 24h in a vacuum oven to remove any excess water in virgin T1107
polymer, compared to the 30 min provided by the previous protocol. All solvents were carefully
dried: DCM was dried over 3A molecular sieves, while THF was dried using a benzophenone
ketyl still. Solvent transfer using a cannula system was also introduced. The previous protocol
made use of Luer lock syringes. However, syringes are slow, wasteful, and are much more liable
to introduce water into the system. Use of a cannula was adopted due to relative speed
advantage and a significant reduction in ambient air introduced into the system. Use of a
cannula is outlined in Figure 12 below.
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Figure 12:Setup of a Cannula Solvent Transfer
Lastly, new protocol was established regarding use of rubber septums: use of syringes was
modified to avoid poking a hole in the same location multiple times, which might introduce a
lasting hole in the septum. In total, these changes resulted in a much higher repeatability of the
synthesis, resulting in more consistent acrylation rates.
Another repeatability change made to this protocol involved the method in which
acryloyl chloride reagent was added to the reaction. In the past, a double dilution of acryloyl
chloride and DCM was used to more accurately measure acryloyl chloride, which was meant to
increase the amount of liquid added to the reaction, therefore increasing the accuracy of
measurement. However, the diluted acryloyl chloride solution was previously added using a 1
ml syringe, limiting the accuracy with which an acrylation rate could be targeted regardless of
the double dilution. It was found that higher accuracy could be achieved with a 100 µL
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micropipette with ±1 µL accuracy. With samples of 5 g, this accuracy results in theoretical
accuracy of ±1 % acrylation rate.
The last, and most consequential, change to the protocol involved removing the reagent
4-methoxyphenol (MEHQ). This reagent is a commonly cited radical inhibitor used in polymer
synthesis reactions.67, 68 It has been shown that many polymers can spontaneously polymerize,
including both styrene and methyl methacrylate.69-71 Use of this reagent was intended to inhibit
spontaneous crosslinking within T1107-ACR-NHS. Various reaction mechanisms have been
proposed for this crosslinking, which is believed to proceed through a radical pathway shown
below in Figure 13. The two proposed mechanisms do differ on multiple fronts, including both
the intermediate products and final products.
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Figure 13: Proposed Mayo and Flory Mechanisms for Acrylate Crosslinking 72
Although the addition of MEHQ might have helped prevent spontaneous crosslinking in the
material, it was found via NMR that the SA modification did not proceed as expected when
MEHQ was used as a radical inhibitor. Without a successful SA modification, the NHS
modification cannot take place, resulting in a significant reduction in adhesive properties of the
final product. As shown in Figure 14, the proposed mechanism for T1107-SA modification starts
with a DMAP-catalyzed ring opening step, after which the terminal alcohol of the T1107 attacks

34

the carbonyl of SA.

Figure 14: Proposed SA modification: DMAP first attacks the SA ring, after which the unmodified
end groups of T1107 attack the carbonyl, modifying the T1107 with a carboxylic acid.
MEHQ was originally thought to be removed in the antisolvent recrystallization protocol
immediately after the T1107-ACR modification step. If the MEHQ was removed in this step,
then the polymer would be protected from spontaneous crosslinking in the rotary evaporator
portion of antisolvent recrystallization protocol, a step in which heat is used on the polymer
solution. This heat could be a potential thermal initiator, so protection would be warranted.
However, MEHQ is completely insoluble in hexanes or diethyl ether, meaning that the MEHQ
was left within the sample. With MEHQ present in the next step, it is proposed that the
intended SA modification reaction is inhibited due to the free alcohol functional group on the
MEHQ, and a subsequent reaction with SA. Steric availability of the alcohol on MEHQ is much
higher than that of the unmodified alcohol end groups of T1107 due to size. Additionally, MEHQ
was added in much higher molar ratios than the SA and polymer alcohol end groups, allowing
for complete inhibition of the reaction, of which a proposed mechanism is shown below in
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Figure 15.

Figure 15: Proposed Mechanism for MEHQ Inhibition: After DMAP initiation, the MEHQ attacks
the carbonyl, forming an unintentional side product
Immediately after removal of the MEHQ step from the protocol, a successful SA modification
was confirmed by NMR. After removal of the MEHQ reagent, additional care was taken to avoid
providing any unnecessary crosslinking stimulus, including use of the rotary evaporator. The full
modification protocol calls for use of the rotary evaporator during each antisolvent
recrystallization protocol step, as well as use of the rotary evaporator during the T1107-ACR
synthesis. The protocol was modified to avoid heat by removing the rotary evaporator steps,
opting for multiple antisolvent addition steps. Instead of reducing the polymer solution to
volumes around 10 ml and then using antisolvent to precipitate polymer out of solution, the
polymer solution was added to centrifuge tubes in multiple steps, precipitating the polymer out
of solution each time in smaller amounts. While this protocol was extremely wasteful solventwise, the result showed reduced spontaneous crosslinking via NMR by better acrylate
conversion rates. Another step taken to reduce spontaneous crosslinking was reduction of the
time spent at room temperatures in synthesis. The protocol requires around 6 days to
complete. The time spent drying the polymer in the vacuum oven between modification steps
was reduced to around an hour, which was found to be sufficient to remove most latent solvent
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from the precipitated polymer, at which point the next step of modification was initiated. With
this process, the full modification process time was reduced to just 3 days.
NUCLEAR MAGNETIC RESONANCE (NMR)
NMR was used to ensure the presence of various end groups as well as characterize the
acrylation rate of samples. After each modification step, NMR was conducted to verify the
success of the reaction. This verification process showed that the SA modification step was not
proceeding as intended, as discussed above. Furthermore, NMR was used to characterize the
acrylation rate of the samples. One issue with quantitative NMR is the sensitivity of the
characterization. Resolution of each NMR experiment must be sufficiently high to find end
groups with a small molecular weight compared to a polymer chain with MW=15,000 g/mol.
NMR results can also vary widely due to faulty equipment, improper NMR sample
concentration, contaminated NMR sample holders, or many other factors. The JEOL 300 MHz
NMR available for this thesis was sufficient for binary verification of end groups. However, the
equipment could cause issues regarding accurate calculations of acrylation rate, especially
regarding the spectra having a distorted baseline. To rectify this, spectra was suspected to be
incorrect or skewed were conducted again.
Another issue with quantitative NMR is the subjectivity within processing NMR spectra.
Extreme care was taken to ensure that spectra were processed similarly with respect to
baseline correction and phase correction. Integrations were also taken over similar ppm ranges.
Repeatability experiments were conducted regarding personal subjectivity in interpreting the
NMR spectra. It was found that upon interpreting the same spectra multiple times, the
acrylation rate of a sample could be found within 5% of the same value.
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Targeted
Acrylation Rate
25
50
75
80
85
90
100

Acrylation Peak Acrylation Peak Acrylation Peak
1
2
3
22%
49%
65%
73%
81%
83%
99%

20%
58%
71%
82%
85%
101%
98%

20%
44%
61%
75%
81%
81%
100%

Average Acrylation Peak
20.67%
50.33%
65.67%
76.67%
82.33%
88.33%
99.00%

Table 2: Calculated Acrylation Rates of Synthesized T1107-ACR-NHS
The acrylation rates of a synthesized sample set can be seen below in Table 2. The
calculated acrylation rates are generally slightly lower than the targeted acrylation rate. This
can be attributed to the age of the acryloyl chloride reagent, which is quenched by the
presence of water, which was likely present in the bottle through water vapor in the
atmosphere. NMR results will be discussed in the conclusion section.
DIFFERENTIAL SCANNING CALORIMETRY (DSC)
DSC was used to measure the phase change temperature of each sample. Samples were
prepared at 30% w/v. Before the experiment, each sample was allowed to equilibrate for at
least 2 hours in a refrigerator kept at 5 ˚C. This is because the polymer system shows a
sensitivity to thermal history, meaning that DSC could be affected by previous and recent
additions of thermal energy. After measuring each sample, the data was analyzed in TA
universal software. The maximum/minimum of the gelation peak for the heat/cool cycle was
measured, respectively. The phase change temperature was established by averaging these two
values. The phase change temperature was shown to have no correlation with acrylation rate.
Furthermore, it can be inferred from this data that phase transition temperature is a bulk
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property dictated by the LCST behavior of the hydrogel system, rather than a property dictated
by the acrylation rate.
To test for repeatability within the DSC, one sample of 90% acrylation rate was prepared
at 30% w/v. The DSC protocol was carried out on the same sample 2 more times, and the
gelation temperature was measured. These gelation temperatures were compared to the
original gelation temperature of 26.17 ˚C. The new sample showed gelation temperatures of
23.06 ˚C and 22.33 ˚C, showing that repeatability on the same sample is poor. Additional
discussion for DSC can be found in Chapter 3.
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Figure 16: Effect of Acrylation Rate on Phase Change Temperature
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RHEOLOGY
Rheology was used to characterize the gelation point of the polymer system. For these types of
systems, it is common to characterize the gelation temperature as the point in which G’
surpasses G’’.73, 74 Rheology data was processed using TA Trios software. An example of an 85%
acrylated sample of T1107-ACR-NHS is shown in Figure 20 below, detailing the G’, G’’, and tan
(𝛿). In this example, the gelation point would be measured at 28.31 ˚C, as this is where G’
surpasses G’’. A chart exploring the relationship between acrylation rate and gelation
temperature can be seen below in Figure 17.

Figure 17: Effect of Acrylation Rate on Gelation Temperature as found by Rheology
It is difficult to make a correlation within the relationship between acrylation rate and gelation
temperature, as the gelation temperature varies widely. It is expected from DSC results that
gelation temperature is a bulk property. The large variation within the gelation temperature
data can be explain by different experimental errors, the first of which is concentration of the
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polymer solution. As shown in Figure 2 in Chapter 1, the gelation temperature of a polymer can
vary widely due to minute concentration difference. Another source of error within this
rheological data was in the equipment. Rheology equipment can be extremely sensitive to
vibrations and other energy, and this equipment is no exception. It can be seen in some of the
data that there are large “jumps” in G’ and G’’, showing that the experiment did not go
perfectly smooth. The gelation temperatures shown in Figure 17 were extrapolated as well as
possible, however, it is possible that the data was faulty. One more possibility for skewing the
results lies in the effect of thermal history of the polymer system. It was shown in the tilt test
trials that the polymer system undergoes phase change more quickly when it had already
experienced thermal energy recently. When this experiment was conducted, the standard of
maintaining equilibrium at 4˚C for 24 h had not been established, potentially skewing the
results further for some samples. Unfortunately, due to both time and equipment constraints,
the experiment could not be repeated within the scope of this thesis.
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Figure 18: Example Chart of Rheology Data for 85% T1107-ACR-NHS
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TILT TEST
The tilt test protocol was conducted to explore the time factor in which phase change occurs in
situ. This is extremely important because of the end use of the material, use as a surgical
adhesive. In practice, a surgeon should know a relative time frame in which the material takes
to undergo phase change. This information would provide the ability to apply the gel, move
around the substrate, apply clamping fixtures, and more without worrying about premature
gelation. On the other hand, it is important to also know if the material is not undergoing phase
change quickly enough, as surgeons prefer to keep their patients in surgery for the least
amount of time possible, with high gelation time also being poor.
The tilt test protocol was extremely hard to implement in a scientific manner. To begin,
there were many experimental limitations. The first experimental limitation was simply how to
measure when the phase change had occurred. Sometimes, the material would be extremely
viscous yet still flow, while other times, the material would be totally resistant to flow, almost
resembling a solid. Measuring the time at which a phase change occurred with any consistency
was difficult. This was overcome by establishing that phase change occurred when no flow was
observed whatsoever, as this is most consistent with the end use of the material.
Second, when making the 30% w/v solutions for tilt test experimentation, the amount of
solution that was able to be made was small due to a limited amount of polymer. This
introduced an extraneous variable in that the polymer solution sometimes adhered to the
bottom of the vial due to surface tension. During tilt tests, this manifested itself in false
positives for a phase change.
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Third, experimentation ergonomics made testing the gelation time difficult. To begin,
measuring the gelation time accurately (in imitation of in situ environments) depends directly
upon adding thermal energy to the glass vial as consistently as possible. Whenever the glass vial
was removed from the water bath to check for gelation, the solution was hard to see due to
latent water on the outside of the vial, as well as condensation on the glass. This difficulty in
observing the glass vial resulted in the material spending time in room temperature
atmosphere, resulting in an inconsistent thermal energy between samples. Each “gelation
check” of the polymer solution took 2-3 seconds. The time between checks was around 10
seconds. These 2-3 seconds are a large amount of time in respect to 10 seconds between
measurements. These issues resulted in inaccurate and imprecise measurements, and gelation
times would be lower without removal from the water bath.
Lastly, two of the polymer samples did not undergo a phase transition at 37 ˚C after
multiple minutes at homeopathic temperatures. Regardless of these experimental issues,
valuable information was still gained about the polymer system. A chart detailing the tilt test
data can be found below in Table 3. It is important to note that the T1107-ACR-NHS samples
used for the tilt test
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Acrylation Rate [%]

Trial 1 Time [s]

Trial 2 Time [s]

0

-

-

25
50
75
80
85
90
100

40
40
30
40
30
20
-

20
20
20
40
20
20
-

Table 3: Tilt Test Results of Eight Acrylated Samples
Even though the accuracy of the data is not perfect, the polymer system underwent a phase
transition in under 60 seconds. The amount of time taken to undergo phase change is not to be
confused with curing time. Phase change is not the only factor affecting the total effective
strength of the adhesive. However, this time to phase transition does mean that viscosity is
significantly reduced quickly, allowing the surgeon to use minimal time while applying the
surgical adhesive., while a minute is still plenty of time to allow for a surgeon to rearrange the
open wound as needed. This is advantageous, as it is beneficial to avoid wasting valuable time
within surgical operations.
Another valuable piece of information gained is that this polymer system exhibits
thermal history behavior. For the first trial of each sample, the polymer solution was allowed to
equilibrate in a refrigerator at 5 ˚C for over an hour. However, for the subsequent second tilt
test, each sample was only allowed to equilibrate for 5-10 minutes. As seen in Figure, the
gelation time was shortened significantly between the two tests. This is likely due to the
mechanism in which the polymer system moves towards phase change. As previously
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discussed, the solubility of the polymer depends explicitly on the behavior between the
PEO/PPO groups with the PBS solvent. PEO is hydrophilic, while PPO is hydrophobic. When the
temperature is below the gelation temperature, both groups are relatively soluble. However,
when the temperature is raised to or above the gelation temperature, the propylene oxide
group dehydrates, resulting in phase change.75 In this case, thermal history behavior could be
the result of insufficient rehydration of the PO blocks, resulting in a lower amount of thermal
energy required to dehydrate them again during the next tilt test.
Last, it is important to note that the polymer samples used in this characterization were
sourced from the second lot of T1107, referred to as Batch 2. Three lots of T1107 were received
from BASF over the course of this thesis work, two of which are further characterized in the
Additional Characterization of T1107 section, as they exhibited poor gelation properties.
LAP SHEAR
The lap shear protocol was designed to examine the total effective strength of the adhesive
polymer system. This was achieved by designing an experiment that tested both the adhesive
and cohesive strength by imitating the end use of the material in a lap shear test. Testing these
two properties simultaneously allows measurement of the total effective strength, as the
material is only as strong as the weakest of the adhesive or cohesive strength. Unfortunately,
lap shear testing provided disappointing results: the polymer system did not gelate at 37 ˚C,
yielding no adhesive strength.
Many different experimental parameters were changed and protocol changes were
made in attempt to promote any form of adhesive strength. To begin, the temperature curing
process was changed to increase the curing time to 2 h and ensure proper humidity was being
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maintained. Next, a heated insulated box was used to carry samples from the incubator. These
changes did not result in any success in characterization.
ADDITIONAL CHARACTERIZATION OF T1107-ACR-NHS
When lap shear tests did not yield promising results, an investigation was launched into the
project as a whole, including polymer modification, storage, and a thorough investigation of
characterization methods. Throughout the thesis experiments, three different lots of
unmodified T1107 polymer were used to synthesize T1107-ACR-NHS. The third lot of T1107 was
used to synthesize the T1107-ACR-NHS used in lap shear testing. It was found during lap shear
that these samples did not undergo phase transition at 37 ˚C, causing adhesive strength to be
negligible, as the viscosity being similar to that of water. This is compared to the phase change
experienced in the tilt test characterization of Batch 2. Unfortunately, the Batch 2 polymer was
not able to be characterized, as the received material had been fully consumed. Many different
hypotheses were explored to identify the issue with gelation. For each experiment below, a
new sample of 85% acrylated T1107-ACR-NHS was used. This sample was stored in a deep
freezer at -25 °C.
The first hypothesis was that improper w/v concentrations were used. As previously
discussed, gelation temperature can vary widely due to minute differences in w/v
concentrations. To explore this, 4 different samples of T1107-ACR-NHS were created: 10, 20,
30, and 40 % w/v with PBS. Each was tested for gelation in a 37 ˚C water bath. After being held
in the water bath for 2 minutes, the polymer solution was stirred using a metal spatula,
qualitatively testing for increased viscosity. It was found that 0 of the 4 different w/v solutions
underwent gelation at 37 ˚C.
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Next, the DTT crosslinking mechanism was explored as a possible explanation for the
lack of a phase transition in this material. If the DTT crosslinking reaction was not proceeding as

Figure 19:Thiol-Michael Addition Reaction Scheme76
expected, then the solubility of the hydrogel system would be affected. Studies have shown
that the reaction between a thiol and an acrylate group(which includes a strong electron
withdrawing group) proceeds via a Thiol-Michael addition reaction.76 As can be seen in the
reaction scheme in Error! Reference source not found., there are two different pathways in w
hich the Thiol-Michael addition reaction takes place: base-catalyzed and nucleophile catalyzed.
While this reaction is not taking place in significant enough molar quantities to need a
significant amount of reaction catalyst, there is a chance that the synthesis process was carried
out well enough to purify any potential catalysts from the system. For that reason, a sample of
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30% w/v T1107-ACR-NHS was prepared and catalyzed with a few drops of NaOH/PBS solution.
After 24 h, the catalyzed solution was tested for gelation in a similar manner to the varied w/v
tests: 2 m in 37 ˚C water bath and checked for increase viscosity with a metal spatula. It was
found that the viscosity had not increased at all, with viscosity similar to that of water.
In addition to the base-catalyzed experiment, the PBS was also reviewed as a source for
lack of gelation. To explore the gelation behavior, a 30% w/v solution was prepared with DI
water and placed through a qualitative gelation test. It was found that gelation did not occur at
37 ˚C. Both the PBS and DI water were tested with a pH strip and found to be at a neutral pH
level. Next, a 30% w/v solution was made with Cytiva HyClone™ Dulbelco PBS 1x solution (DPBS) supplied by Fisher Scientific. The motivation behind trying the D-PBS was the hypothesis
that previous studies making use of DTT crosslinking might have used this in their solutions. This
type of PBS functions similarly to traditional PBS and has the additional ingredients of calcium
and magnesium ions. It was thought that these additional ions might assist in the catalysis of
the DTT reaction. However, when subjected to the same gelation test used previously, the
T1107-ACR-NHS/D-PBS solution did not gelate at 37 ˚C.
Lastly, in an attempt to replicate previous experiments, a sample of 85% acrylated
T1107-ACR-NHS was intentionally self-crosslinked. This was done by holding a polymer sample
at 50 ˚C for 48 h. At the end of the crosslinking period, the acrylation rate was found to be 46%,
inferring that around 39% of the end groups within the polymer were crosslinked. It was
observed that this solution had a significantly higher viscosity at room temperature. DTT was
added to the polymer and allowed to cure for 24h, at which point the gelation was tested. It
was found that this polymer system did not gelate at 37 ˚C.
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ELEVATED TEMPERATURE CROSSLINKING EXPERIMENT
When storage methods were investigated, it was found via NMR that the acrylation rate of the
samples was decreasing over time spent in storage. The storage solution being used at the time
was a vacuum chamber at room temperature. The motivation behind this was to prevent
moisture from getting into the sample and potentially ruining the product. Multiple theories
were investigated to try and explain this decrease in acrylation rate. The first theory was that
spontaneous crosslinking was occurring due to the lack of a “oxygen radical scavenger.”
Because the samples were being stored in vacuum, the hypothesis was that double bonds
within acrylate groups were undergoing spontaneous homolysis and therefore crosslinking
through a radical pathway. Due to the lack of “super oxide radicals” in ambient air, the
homolysis was allowed to promoted crosslinking, leading to the loss of acrylate end groups.
Through literature review, this was deemed to be an unlikely hypothesis, as superoxide radicals
(SORs) are extremely short lived and rarely found in ambient air. Research has shown that SORs
are rarely created without external stimuli. Even if SORs were scavenging radicals within the
sample, concentrations would not be sufficient enough to prevent crosslinking. 77 Due to the
dubiety of this hypothesis, other hypotheses were considered.
The next hypothesis was that storing the acrylated polymer at room temperature
allowed the double bonds within the acrylate group to undergo thermally catalyzed
spontaneous homolysis, promoting crosslinking within the polymer. To test this theory, an
elevated temperature crosslinking test was devised. An 85% acrylated T1107-ACR-NHS sample
was synthesized and immediately split into four separate, equally sized samples. Care was
taken to ensure similar particle sizes in each sample. The samples were placed into four
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different temperature environments: -25°C, 5°C, 25°C, and 45°C. The motivation was to
investigate the effect of heat energy on the crosslinking of a polymer sample while in storage.
The results of the elevated temperature crosslinking tests can be seen below in Figure 23. It can
be seen that the acrylation rate drops by around 7.5% in the sample kept at -25 °C, while
dropping at a much steeper rate of over 20 °C when kept at 45 °C. Additionally, the order in
amount of acrylation rate directly correlated with the order of temperature, indicating that the
amount of spontaneous crosslinking occurring is directly affected by the storage temperature.
This behavior in storage is extremely detrimental to the mechanical behavior of the
polymer. As the polymer is in a powdered form during storage, this spontaneous crosslinking is
occurring on a local scale in each particle. Cohesive strength within the polymer system partially
comes from long range chemical crosslinks, establishing a network of crosslinks within the
hydrogel that hold it together. When the polymer is spontaneously crosslinking within each
particle, the long-range crosslinking behavior is significantly reduced, theoretically reduce the
strength of the polymer significantly. To reduce the rate of spontaneous crosslinking, all future
polymer samples were stored in deep freezer at -25 °C
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Figure 20: Effect of Storage Temperature on Acrylation Rate
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CONCLUSION
After exploring the polymer system through various means of experimentation, the reason
behind the lack of gelation was still unknown. For this reason, the unmodified T1107 polymer
itself was characterized. Multiple different hypotheses were developed: improper MW of the
polymer, improper ratio of PPO:PEO end groups, T1107 with free PPO/PEO chains, or other
contaminants within the T1107 polymer system.
To characterize the MW and repeat unit ratios of the polymer, the T1107 was
characterized via NMR. Although This is an atypical manner of characterization for MW, as GPC
is the most common characterization method of choice. However, a valid MW calibration
method for T1107 was not available, making NMR the next logical choice. Throughout NMR
measurements of the acrylation rate, the integration area was calibrated using the value of
297.26 for the PEO peaks. Instead, MW characterization made use of the 4 protons within the
diamine core to calibrate the MW calculations. As mentioned above, three different batches of
unmodified T1107 were acquired from BASF and used for synthesis of T1107-ACR-NHS. Batch 2
had been used up and was thus not able to be tested. The MW and PEO:PPO ratios can be seen
below in Table 4.
Sample
T1107 Theoretical
T1107 Batch 1
T1107 Batch 3

Molecular Weight
15,016
22,028
55,322

PEO:PPO Ratio
3.2
3.2
3.2

Table 4: Comparison of T1107 Molecular Weight and Block Repeat Unit Ratios
According to the NMR, both Batch 1 and Batch 3 may have MWs higher than that of the
theoretical MW, with Batch 3 being significantly higher. It has been previously shown that the
polymer is directly affected by both the MW and PEO:PPO ratios.75 In this case, a significantly
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higher MW would greatly increase the micellar size, potentially decreasing the gelation ability.
This result is a possible cause for the lack of gelation, yet not an absolute result. This is because
the spectral existence of free linear PPO/PEO chains would be disguised within the NMR as
additional repeat units, giving the appearance of an inflated molecular weight.
For this reason, GPC was conducted upon Batch 1 and Batch 3 samples. The GPC peak
sizes and area ratios can be seen in Table 5, while the overlaid GPC results can be seen below in
Figure 26.
Mp
Sample

Peak 1

Peak 2

Batch 1
Batch 3

27,748
28,195

6,631
7,544

PEO/PPO
Peak 1
Integration Area
Mw
Mn
Ratio
4.18
469,482 31,857
3.74
223,735 34,197

Peak 2
PDI

Mw

Mn

PDI

14.74
6.54

6,351
6,772

3,694
4,759

1.72
1.42

Table 5: GPC Data for Batch 1 and Batch 3
Conclusions about MW cannot be made, as the calibration for this experiment was done
with polystyrene calibration standards. Star polymers are difficult to calibrate for, due the
differences in behavior in solvent from linear polymers.78 However, experimental parameters
were maintained between GPC runs of the different batches, meaning that the elution times
and distribution peaks can be compared. Both batches have similar elution times for the largest
peak, the unmodified T1107. This implies that the molecular weights are similar to each other.
However, it can also be seen that the smaller peak has significantly different area values. The
batch 1 area value is significantly larger than Batch 3 area values, indicating that the smaller
molecular species is a higher fraction of Batch 1. One hypothesis for the identity of the smaller
species would be linear polymer formed during the anionic polymerization of T1107. BASF has
previously used chromatographic fractionization with similar Pluronic polymers in order to
ensure purity, so impurities are unexpected.75 The effect of a significant weight fraction of
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linear polymer would be a reduction or total lack of phase transition behavior. This could be for
two distinct reasons: (1) failure to reach critical micelle concentration for gelation behavior to
occur or (2) introduction of “weak” points within the hydrogel system that do not contribute to
the gelation effect. To further explore the possibility of contaminants within the system, head
space analysis was conducted upon both Batch 1 and Batch 3 samples.

Figure 21: GPC Data for Batch 1 and Batch 3
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Utilization of head space analysis was primarily based upon a hypothesis that there was a latent
amount of good solvent in the polymer, which would change the solubility of any solution made
with the T1107. Upon use of head space analysis, it was found that there was an extremely low
concentration of volatiles within the headspace of the unmodified T1107 from both Batch 1 and
Batch 3. The only volatile found with reasonable certainty was 1,3 dioxolane. Many other
volatiles were found within the head space, but they were found to be unreasonable and
unlikely to exist in any appreciable amount within the polymer. Additionally, the concentrations
of each volatile, including the 1,3 dioxolane were so low, it is unlikely that this is the source of a
lack of gelation. Therefore, it was concluded that latent solvent was not the cause of gelation
issues.
To further investigate the existence of a smaller species of molecule within both batches
of the unmodified T1107, the NMR spectra were further analyzed. First, Batch 1 and Batch 3
spectra were compared. Additionally, attempts were made to characterize unexpected peaks
within each spectrum. Figure 27 shows the NMR spectra of Batch 1 and Batch 3 compared. The
two spectra have obvious differences. Batch 1 has a broad singlet around 2.1 ppm, identified as
acetone, a solvent used to clean NMR tubes. Batch 1 also has a triplet at 2.75 ppm, identified as
ethylene diamine, the initiator used to synthesize the unmodified polymer. Last, Batch 1 has a
doublet at 1.2 ppm, indicating the possible presence of unreacted monomer propylene glycol.
Batch 2 spectra does not contain any of these peaks, instead containing a broad singlet at 2.68
ppm, which was unable to be identified at this time. Additionally, latent amounts of hexane
were found around 1.3 ppm in both samples, potentially from the NMR tubes.
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Figure 22: Superimposed NMR Spectra of Batch 1 and Batch 3
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Other compounds that were checked for included DCM, THF, hexanes, and diethyl ether, all of
which were not found in the NMR spectra. While these results are not encouraging, they do
lead towards a critical shortcoming of this research: inconsistent T1107 starting material. It is
clear from previous research that T1107 underwent gelation at 37 °C, and neither Batch 1 nor
Batch 3 gelate.62 While the exact cause of this lack of phase transition behavior is still unknown,
it can be attributed to an unknown smaller species of molecule, multiple and varying
contaminants between both batches, and a clearly displayed inconsistency between batches.
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CHAPTER THREE: FUTURE WORK
CONCENTRATION VARIATION STUDIES
The mechanical strength of the T1107-ACR-NHS is directly tied to the crosslinking strength and
density within the hydrogel system. As previously mentioned, there are two distinct types of
crosslinking within the polymer system: physical and chemical. The physical crosslinks result
from entanglements, while the chemical crosslinks result from the DTT crosslinking process. To
further improve the mechanical behavior of the adhesive, studies should be completed with
regards to the optimal w/v concentration of the hydrogel. A higher crosslinking density could
correlate with a higher mechanical strength, but would also affect the phase transition
temperature, which can be seen in Figure 2.
DTT CURING TIME RHEOLOGICAL STUDIES
It is important to understand the curing time of the DTT crosslinking reaction, as this procedure
would need to take place a certain amount of time before each use of the adhesive. Each use of
the product would be preceded by a preparation of the product, similar to the preparation of
polymer for lap shear trials. After hydration of the T1107-ACR-NHS in PBS, the polymer would
be mixed with a DTT solution. After the curing time of this T1107-ACR-NHS-DTT, the adhesive
could be used in a surgery. However, if the adhesive is used before the DTT curing process is
complete, the material would have suboptimal mechanical properties, potentially leading to
adhesive failure. This curing effect dictates the need for studies to be completed regarding the
DTT curing mechanism.
Rheological studies could be effective in this situation. Similar experimental parameters
could be used: 1% strain, 1 Hz frequency, and 30% w/v concentration of polymer. Instead of a
temperature ramp, the gelation must be allowed to fully complete on the Peltier plate.
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Following complete gelation, the DTT solution could be pipetted onto the T1107-ACR-NHS, after
which the rheology experiment is run immediately. It is expected that the DTT reaction would
gradually proceed, until both G’ and G’’ plateau. By measuring the time from addition of the
DTT solution to the point at which both moduli plateau, the DTT curing time could be
measured, characterizing the time until the adhesive is ready for use in surgical applications.
PURIFICATION OF T1107
Following the results of head space analysis and GPC, it is unclear whether volatiles are
affecting the phase transition behavior of T1107. This hypothesis could be tested through a
purification process, followed by characterization. First, thermal gravitational analysis (TGA)
should be conducted upon unmodified T1107 in order to find out the degradation temperature
of the polymer. One study shows that the degradation temperature of PPO is around 350 °C.79
Another study shows that the degradation temperature of PEO is in the range of 320-330 °C.80
Following the results of TGA, the polymer should be heated in a vacuum oven slightly below the
degradation temperature. This step is intended to remove volatiles with a higher boiling point.
Following this purification, GPC, NMR, and gelation experiments should be conducted. This
would allow comparison with previous results, such as eliminating volatiles as the smaller
molecular species found in GPC or eliminating unexpected peaks in NMR. Additionally, gelation
experiments would be used to explore the behavior of the system with potential contaminants
removed.
THERMAL STUDIES
It was found in the DSC section of Chapter 2 that the repeatability of DSC for these samples was
not remarkably high. This may be due to experimental error, as some of the samples may have
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been subjected to dissimilar thermal treatment. For example, one sample might have been left
at room temperature for 20 minutes before DSC, while another sample might only have been
left for 5 minutes at room temperature. Additionally, it is possible that some samples might
have undergone hydrolysis in the time between preparation of the sample and DSC
measurements. Given the belief that phase transition temperature is a bulk property rather
than an end group property, it is possible that the inconsistent results are purely caused by
dissimilar sample preparation. Thermal studies should be repeated, with exceptional care given
towards the sample preparation. This would shed light onto the different mechanisms taking
place that cause phase transitions to occur.
CONCLUSION
This thesis work focused on the development of end group functionalized T1107 as a thermally
gelating, bioresorbable bioadhesive. In the synthesis work, it was found that MEHQ inhibits the
SA modification reaction, preventing proper modification of the hydrogel system. NMR
demonstrated the proper modification of the polymer after adjusting the protocol. DSC and
rheology demonstrated that there is not a correlation between acrylation rate and phase
transition temperature, implying that the temperature is a bulk property gained from the
polymer backbone. Tilt test characterization indicated that Batch 2 T1107 polymer can undergo
a phase transition in under 60 s. Elevated temperature crosslinking tests showed that the
modified polymer must be stored in-25 °C , as it will undergo widespread spontaneous
crosslinking when exposed to higher temperatures. Lastly, it was found that the polymers
synthesized using Batch 3 of unmodified T1107 did not undergo gelation at 37 °C. This
prompted an investigation into the raw unmodified polymer, in which it was found that the
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polymer shows a bimodal distribution through GPC, indicating the presence of a smaller
molecular species. Although head space analysis did not indicate an appreciable amount of
volatiles in the polymer, NMR suggested that the polymer batches contained contaminants and
unexpected proton peaks. The overlaid spectra also indicated that the batches themselves are
inconsistent, containing different proton peaks in each. In conclusion, further studies need to
be conducted to elucidate the exact nature of the unexpected molecules and their effect on the
material behavior of the system.
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